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The dominant phonon wave vectors q∗ probed by the 2D Raman mode of pristine and uniaxially strained
graphene are determined via a combination of ab initio calculations and a full two-dimensional integration
of the transition matrix. We show that q∗ are highly anisotropic and rotate about K with the polarizer and
analyzer condition relative to the lattice. The corresponding phonon-mediated electronic transitions show a finite
component along K - that sensitively determines q∗. We invalidate the notion of “inner” and “outer” processes.
The characteristic splitting of the 2D mode of graphene under uniaxial tensile strain and given polarizer and
analyzer setting is correctly predicted only if the strain-induced distortion and red-shift of the in-plane transverse
optical (iTO) phonon dispersion as well as the changes in the electronic band structure are taken into account.
DOI: 10.1103/PhysRevB.85.115451 PACS number(s): 81.05.ue, 63.22.Rc, 78.67.Wj
Graphene1 is actively researched both for its fundamental
physics and technological applications.2 The high mobility of
its charge carriers even at high-bias-induced concentrations1
endows it with ballistic conduction at room temperature,
making graphene a promising material for both transistors and
interconnects. It is also emerging as an ultrasensitive probe for
measuring strain.3 Such properties are essentially mediated
by phonons. For instance, the high-bias current transport is
limited by scattering with optical phonons,4 while the response
to deformation is linked to the vibrational properties through
the Gru¨neisen parameters.3 More fundamentally, quasiparticle
lifetimes in graphene are determined in part by electron-
phonon coupling involving optical phonons.5 An accurate
experimental determination of the two-dimensional phonon
dispersion ω(q) of graphene is thus critical.
Raman spectroscopy can accurately measure phonons
in graphene, yielding information on the number of
graphene layers,6 lattice orientation,3,7 doping,8 disorder,9
edge structure,10 and phonon anharmonicities.11 The unique
electronic band structure of graphene12 provides the prominent
2D Raman feature at ∼2700 cm−1 for visible irradiation
that probes the in-plane transverse optical (iTO) branch of
the phonon dispersion with wave vectors q ∼ K .6,13 This
dispersive mode stems from a second-order Raman process
involving intervalley (K → K ′) scattering of the electron and
hole quasiparticles.14
With the notable exception of the analytical work by
Basko15 treating the idealized case of Dirac cones, studies
of the 2D mode16–18 are often based on the simplification
that the dominant phonon wave vectors q∗ and the associated
phonon-mediated electronic transitions are fixed regardless of
the polarization of light in the Raman experiment. Moreover,
the electronic transitions are deemed to occur along the
high-symmetry K -M-K ′ direction. By definition they are
labeled inner17,19,20 and outer6,16,19 transitions depending on
whether they connect the closer or further parts, respectively, of
the equiexcitation energy contours of the electronic dispersion
centered at K and K ′ and across the M point. These ad hoc
notions are based on two assumptions. The first is that the
electronic bands around K are one-dimensional and linear,
thus failing to capture their electron-hole asymmetry and the
trigonal warpings of both the electronic and phonon bands that
become prominent at visible laser frequencies.21–23 Reducing
the two-dimensional Brillouin zone (BZ) of graphene into
a single dimension also misses the effects of quantum
mechanical interference.17,24 The second assumption is that the
electronic and phonon wave-vector dependence of the optical
matrix elements and the electron-phonon matrix elements in
the scattering process14,17,24 are negligible despite their highly
anisotropic profiles.4,25
In this article we determine the dominant iTO phonon
wave vectors q∗ and the associated dominant phonon-mediated
electronic transitions probed by the 2D Raman mode of
graphene. We consider pristine graphene and graphene subject
to uniaxial tensile strains up to 2%. We explicitly include
the variation of the matrix elements together with the two-
dimensional electronic and phonon bands obtained from ab
initio calculations, employing them in a full two-dimensional
integration of the transition matrix. The q∗ obtained from our
calculations are highly anisotropic and rotate about K with
the polarizer and analyzer condition relative to the crystal-
lographic orientation of graphene. The associated dominant
phonon-mediated electronic transitions are neither fixed nor
parallel to the K -M-K ′ direction, but show a component
along K -. We further show that the strain-induced splitting
of the 2D mode requires consideration of the distortion and
red-shift of the iTO phonon band and changes in the resonance
condition, the latter of which was hinted at previously.18,20
The transition matrix Tf i(q) corresponding to the 2D mode
in graphene, containing the leading terms26 from fourth-order
perturbation theory, is evaluated with a single broadening
parameter γ = 0.05 eV and a full two-dimensional integration
over the graphene BZ.27 The electronic eigenfunctions and the
optical matrix elements are computed using density functional
theory (DFT) within the local density approximation (LDA).
The iTO phonon branch and the electron-phonon matrix
elements are calculated using density functional perturbation
theory (DFPT).28 All calculations are performed using the
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FIG. 1. (Color online) The phonon-mediated electronic tran-
sitions yielding maximum intensity (black double-sided arrows)
contributing to the 2D mode. These transitions were extracted
from a full integration of the transition matrix. The underlying
yellow-red contour plots of panels (a)–(c) are the product of the
optical absorption and emission matrix elements at the polarizer and
analyzer orientations (a) x : x, (b) y : y, and (c) x : y (x, zigzag; y,
armchair orientation of graphene), respectively. The equiexcitation
energy contours corresponding to the laser energy are represented
by green lines. (d) For the x : x case, on adding a reciprocal lattice
vector b2 to k∗i , from the seemingly outer dominant transition (black
double-sided arrow connecting the black crosshairs) an equivalent
inner electronic transition (blue double-sided arrow) is obtained.
Quantum ESPRESSO29 distribution and the parameters of the
simulations taken from Ref. 11. For unstrained graphene we
correct the LDA eigenenergies with the results of recent
GW calculations. In particular, we use two-dimensional
GW -derived electronic bands30 fit to a third-nearest-neighbor
tight-binding description21 and a fit proposed in Ref. 22
for the iTO phonon dispersion around K . The dominant
electronic transitions connecting the initial k∗i and final k∗f
electron wave vectors are determined from the arguments of
Max[|Tf i(ki ,q)|2] and the relation expressing quasimomen-
tum conservation during the phonon-assisted scattering of the
electron (k∗i = k∗f + q∗).
The phonon-mediated electronic transitions yielding the
highest intensity for polarizer and analyzer combinations
x : x, y : y, and x : y (x, zigzag; y, armchair orientation of
graphene) are shown in Fig. 1. The resonant transitions connect
equiexcitation energy contours where the product of the
optical matrix elements is strongest. Interestingly, they are not
qualitatively affected by the electron-phonon matrix elements.
Although the structure of the optical matrix elements’ product
enforces the preponderant phonon-assisted transitions to lie
nominally along the K -M-K ′ line, the small component in the
K - direction sensitively determines the angular location of q∗
[see the blue-green regions of Figs. 2(a)–2(c)]. Consequently,
(a) (b) (c)
FIG. 2. (Color online) The dominant phonon wave vectors q∗
(in blue-green) corresponding to polarizer and analyzer orientations:
(a) x : x, (b) y : y, and (c) x : y. The underlying orange-hued contours
depict the iTO phonon dispersion of Ref. 22 around K .
q∗ are highly anisotropic, rotate about K with different
polarizer and analyzer combinations, and are not, in general,
restricted along high-symmetry lines. Further, by translating
k∗i by a reciprocal lattice vector b2, the character of the
dominant phonon-mediated electronic transition changes from
being seemingly outer, as defined, to an equivalent inner
transition [see Fig. 1(d)], undermining the distinction between
them. We thus revoke the notion of fixed inner and outer
electronic transitions parallel to the high-symmetry K -M-K ′
direction.
Free from external, symmetry-breaking potentials,
graphene is characterized by a nominally single 2D Raman
mode peak for visible irradiation.6 The apparent anisotropy
of q∗ notwithstanding, q∗ closely follow the trigonal phonon
equifrequency contours [see Figs. 2(a)–2(c)]. However, with
the application of uniaxial tensile strain, experiments show
that the 2D mode of graphene broadens and then splits while
shifting to lower wave numbers.18,31 The characteristic peak
shape and magnitude of the effects depend on the polarizer
and analyzer condition and strain direction relative to the
lattice as well as the laser energy. In Refs. 18,19, and 32
the splitting of the 2D mode under uniaxial tensile strain
was attributed primarily to the shift of the Dirac cones from
K .33 References 18 and 20 additionally implicated the inner
process along the K -M direction as dominant; the iTO phonon
dispersion was assumed to be symmetric18 or “more or less”
symmetric20 around K while allowing for phonon softening.
An LDA + DFPT calculation34 for graphene subject to
uniaxial tensile strains up to 2% along the zigzag and
armchair orientations reveals phonon softening and, crucially,
the distortion of trigonal warping of the two-dimensional
phonon dispersion. This is apparent when comparing the
undistorted phonon equifrequency contours of Fig. 2 with
those of graphene strained along the zigzag [Fig. 4(g)]
and armchair directions [Fig. 4(i)]. We also observe a shift
of the Kohn anomaly35 away from K as expected.33 For
fixed laser energy, increasing the tensile strain results in a
red-shift of the calculated 2D mode as shown in Fig. 3
with concomitant broadening and eventual splitting of the
2D peak in agreement with experiment.18,19,32 We note that
there is currently a disagreement in the literature3,7 regarding
the strain rates of the G− and G+ Raman modes used to
calibrate strain; Huang et al.7,18 estimate strain levels a factor
of three higher than Mohiuddin et al.3 and our own ab ini-
tio results: ∂ωG−
∂ε
= −34 cm−1/% and ∂ωG+
∂ε
= −15 cm−1/%.
Recent measurements in the infrared region of Ref. 31 are
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FIG. 3. (Color online) 2D Raman mode spectra calculated for
increasing strain along the zigzag direction of graphene. Compare
with Fig. 1(a) of Ref. 18. The inset highlights the orientation of
graphene relative to strain and the polarization of incoming and
outgoing light.
consistent with those of Ref. 3 and therefore we compare
with the measurements of Huang et al.7,18 at a strain that is
approximately one-third of theirs.
We now compare the relative position between the cal-
culated 2D modes for graphene as a function of uniaxial
strain ε along the zigzag direction to experiment [compare
with Fig. 1(a) of Ref. 18] for incoming light polarization
Pin ‖ ε (red lines in Fig. 3) and Pin ⊥ ε (blue lines in Fig. 3).36
The dominant peak for Pin ‖ ε is red-shifted compared to
that for Pin ⊥ ε, while the subdominant peaks are blue- and
red-shifted to their respective dominant peaks, consistent with
the measurements of Huang et al.18
Figures 4(a)–4(c) exhibit the experimental data for various
strains and polarizer and analyzer combinations employed by
Huang et al.18 The data are compared to our calculations
in Figs. 4(d)–4(f). Our first-principles calculations combined
with fourth-order perturbation theory successfully reproduce
the characteristic two-peak behavior and the correct polariza-
tion dependence of the 2D mode under strain. For example, the
calculate 2D mode for ε oriented along the zigzag direction and
Pin ‖ ε and ψ = 0◦ [black curve of Fig. 4(e)] possesses a red-
shifted subdominant peak consistent with experiment [black
curve of Fig. 4(b)]. For strain along the armchair direction
and Pin ⊥ ε and ψ = 0◦ [black curve of Fig. 4(f)] we achieve
a nearly symmetric peak as obtained experimentally [black
curve of Fig. 4(c)]. We note that our calculations consistently
overestimate the relative intensity of the side bands and our
spectra are blue-shifted in comparison to experiment. The
origin of both these discrepancies between our parameter-free
calculations and experiment lies in the tendency of the LDA
functional to underestimate the slopes of both the electronic30
and iTO phonon bands37 of graphene around K . The absolute
position and integrated intensities of the 2D mode are highly
sensitive to the Fermi velocity and iTO phonon band slope, a
fact supported by our calculations and an analytical model.15
Overall, given the complexity of both our ab initio and
in in in
FIG. 4. (Color online) Experimental18 [panels (a)–(c) (dotted
points)] and calculated [panels (d)–(f) (solid lines)] polarized 2D
Raman spectra for incoming polarization Pin and outgoing polariza-
tion ψ relative to Pin. Panels (a) and (d) and panels (b) and (e):
Zigzag direction of strain. Panels (c) and (f): Armchair directions of
strain. The dashed lines represent Lorentzian fits to the spectra. Panels
(g)–(i): The orange-hued contours depict the iTO phonon dispersion
and the blue-green regions are q∗ for graphene subject to ε = 1.5%
along the zigzag direction [panels (g) and (h)] and ε = 1.0% along
the armchair direction (i).
fourth-order theory calculations and the 2D Raman mode
measurements under strain, our results capture very well
the key spectroscopic features observed in the experiment
and, more interestingly, provide a clear insight into their
microscopic origin.
The distinctive splitting of the 2D mode under uniaxial
strain and varying polarizer and analyzer orientation arises
from strain-induced changes in the electronic and phonon
bands. It cannot be explained by the movement of the Dirac
cones alone.18 For example, for strain along the zigzag
direction and Pin ‖ ε ‖ Pout, a combination of strained elec-
tronic bands and an unstrained phonon dispersion [Fig. 5(b)]
produces a symmetric peak. In contrast, the full calculation
considering the strained versions of both the electronic and
phonon dispersions predicts [Fig. 5(a)] a shoulder above
the frequency of the main peak as seen experimentally
[Fig. 4(a)]. A calculation including the strained phonon
dispersion and unstrained electronic bands [Fig. 5(c)] also
successfully reproduces the relative positions of the two
peaks seen in the experiment. However, for armchair strain
and Pin ⊥ ε ⊥ Pout (not shown), subjecting only the phonon
dispersion to strain results in a blue-shifted side peak. This
contradicts the experimentally obtained symmetric peak of
115451-3
NARULA, BONINI, MARZARI, AND REICH PHYSICAL REVIEW B 85, 115451 (2012)
cm
FIG. 5. (Color online) 2D Raman mode spectra obtained from
(a) a full calculation considering the strained phonon and electronic
bands for the zigzag orientation having Pin ‖ ε ‖ Pout [compare with
Fig. 4(a)]. (b) Calculation using an unstrained phonon dispersion
plus strained electronic bands as input for the transition matrix
calculation. (c) Calculation using a strained phonon dispersion
and unstrained electronic bands. The corresponding orange-hued
iTO phonon contours and blue-green regions for q∗ are given in
panels (d)–(f).
Fig. 4(c). These observations show that the distortion of the
iTO phonon dispersion, the phonon softening, and changes
in the electronic structure under strain are indispensable for
correctly reproducing the characteristic splitting of the 2D
mode.
In summary, by including the two-dimensional electronic
bands, iTO phonon dispersion, and matrix elements in a full
two-dimensional integration of the transition matrix, we show
that the q∗ of the 2D Raman mode of graphene display a highly
anisotropic structure and rotate about K with the polarizer and
analyzer setting with respect to the crystallographic orientation
of graphene. The associated dominant phonon-mediated elec-
tronic transitions are neither fixed nor parallel to the K -M-K ′
direction. Instead, a small but significant contribution of the
K - direction is discerned, connecting regions where the
product of the optical absorption and emission matrix elements
is strongest. Furthermore, the phonon-mediated transitions can
be transformed with the addition of a reciprocal lattice vector
into each other, thereby dismissing the notion of inner and
outer processes. Our analysis, when applied to the 2D mode
for graphene subject to a range of uniaxial tensile strains
demonstrates that its characteristic splitting with specific
polarizer and analyzer combinations and strain orientation is
only reproducible by consideration of the strained versions of
both the electronic bands and the iTO phonon band. Since the
theoretical description of the 2D mode is closely related to the
defect-activated D mode,13 we expect our results to hold for
the D mode as well.
Recently we became aware of a theoretical work by
Venezuela et al.38 investigating the Raman 2D mode in
graphene via ab initio calculations. While they find that the
phonons probed by the 2D mode “belong to limited regions
of the BZ consisting in very narrow (almost one-dimensional)
lines” and “The most important phonons belong to the K -
direction (inner phonons) and not to the K -M one (outer
phonons) ...” for the particular case of unpolarized input
light and detection,39 our results for the case of linear
polarizer and analyzer combinations emphasize that their
conclusion is not general. Instead, the angular location of the
dominant phonon wave vectors q∗ around K is determined by
the polarization conditions [see for instance Fig. 2(b) where
the K -M contribution is clearly present], a fact confirmed
by the successful reproduction of polarized 2D Raman
mode spectra of graphene under uniaxial strain as shown
above.
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